Background: Two-pore domain K + channels mediate background K + conductance and regulate cellular function. Results: Low extracellular pH (pH o ) significantly increases the Na + to K + relative permeability of TWIK-1, TASK-1, and TASK-3 K + channels. Conclusion: TWIK-1, TASK-1, and TASK-3 channels change ion selectivity in lowered pH o . Significance: The findings provide insights on the mechanism of regulation of acid-sensitive K2P channels by low pH o .
SUMMARY
Two-pore domain K + channels (K2P) mediate background K + conductance and play a key role in a variety of cellular functions. Among the fifteen mammalian K2P isoforms, TWIK-1, TASK-1, and TASK-3 K + channels are sensitive to extracellular acidification. Lowered or acidic extracellular pH (pH o ) strongly inhibits outward currents through these K2P channels. However, the mechanism of how low pH o affects these acid-sensitive K2P channels is not well understood. Here we show that in Na + -based bath solutions with physiological K + gradients, lowered pH o largely shifts the reversal potential of TWIK-1, TASK-1, and TASK-3 K + channels, which are heterologously expressed in Chinese hamster ovary cells, into the depolarizing direction and significantly increase their Na + to K + relative permeability. Low pH o -induced inhibitions in these acid-sensitive K2P channels are more profound in Na + -based bath solutions than in channel-impermeable N-methyl-Dglucaminebased bath solutions, consistent with increases in the Na + to K + relative permeability and decreases in electrochemical driving forces of outward K + currents of the channels. These findings indicate that TWIK-1, TASK-1, and TASK-3 K + channels change ion selectivity in response to lowered pH o , provide insights on the understanding of how extracellular acidification modulates acid-sensitive K2P channels, and imply that these acid-sensitive K2P channels may regulate cellular function with dynamic changes in their ion selectivity. Two-pore domain K + channels (K2P) comprise the newest subfamily of K + channels. Unlike other K + channels that are tetramers, K2P channels are dimers with each subunit containing four transmembrane segments and two poreforming loops (P-loop) (Fig. 1A) (1). They mediate background K + conductance and play a key role in regulation of cellular excitability as well as other cellular functions. Mammalian K2P channels are encoded by fifteen KCNK genes and subdivided into six subfamilies, based on their sequence similarities and functional resemblance: TWIK, TREK, TASK, TALK, THIK, and TRESK. They respond to various physical and chemical stimuli such as temperature, mechanical stretch, arachidonic acid, lysophospholipids, pH o , and volatile anesthetics (2, 3) .
Several subtypes of K2P channels are sensitive to external acidification. Decreases of pH o in physiological or subphysiological ranges strongly inhibit outward currents of TWIK-1 (K2P1), TREK-1 (K2P2), TASK-1 (K2P3), TASK-3 (K2P9), and TRESK-2 (K2P18) K + channels (4) (5) (6) (7) (8) (9) (10) (11) (7, 12) . Although histidine protonation has been identified as the pH o sensor, the mechanism of how low pH o affects acid-sensitive K2P channels is not well understood (2) . The pH o -sensing histidine in TREK-1 K + channels is located in the first turret loop of the outer pore. Such a histidine is also conserved in voltage-gated K + channels (Kv1.1, Kv1.4, and Kv1.5) and inward rectifying K + channels (Kir2.1) (13, 14) . External protons inhibit TREK-1 K + channels by inducing closure of the outer pore gate (5) , similar to the C-type inactivation of Kv1 channels that has been well studied under external acidification (15, 16) . In contrast, the pH o -sensing histidine in conventional acid-sensitive K2P channels, TASK-1 and TASK-3, along with TWIK-1 and TRESK-2 K + channels, immediately follow the K + channel selectivity sequence TxGYG of the P1-loop, while other K2P channels have an asparagine or methionine or tyrosine in the corresponding residue (Fig. 1B-C) . Site-directed mutagenesis studies have identified the conserved histidine that primarily responds for the pH o sensitivity in TWIK-1, TASK-1, and TASK-3 K + channels (4, 7, 8) . Two related hypotheses have been proposed to interpret the mechanism of how lowered pH o results in inhibition of TASK-1 and TASK-3 K + channels: a pore-blocking mechanism by protons or protoninduced inhibition of the channel gating (2), based on the effects of lowered pH o on open probability and/or unitary current (6, 8, 9, 17 (19) , suggesting that the ion selectivity of TWIK-1, and perhaps other K2P channels, can be regulated by physiological stimuli (20), although it was generally thought that ion selectivity of highly selective K + channels does not change in response to external stimuli (21) . Second, acid-sensitive TWIK and TASK K + channels conserve a unique K + channel selectivity sequence TxGYGH in the P1-loop (Fig. 1B) . The conserved histidine confers the pH o sensitivity in these TWIK and TASK K + channels, and substitution of this histidine possibly influence ion selectivity of TASK-1 K + channels (22,23). Recently published crystal structures of TWIK-1 K + channels confirm the location of the pH o -sensing histidine in the extracellular mouth of the selectivity filter (24) (Fig. 1C) . Protonation of the pH o -sensing histidine is likely to have an impact on the conformation of the selectivity filter (25) . Our previous works suggest that the reversal potential of TWIK-1 K + channels may move in the depolarizing direction in lowered pH o (26) . Third, previously published data indicate that lowered pH o potentially shifted the reversal potential of TASK-1 and TASK-3 K + channels heterologously expressed in Xenopus oocytes or mammalian cell lines (7, 27) . Such an effect was either noticed without further interpretation or neglected possibly due to small inward currents in outward rectifying TASK K + channels. It was previously thought that TASK-3 K + channels do not change ion selectivity in lowered pH o , because replacement of extracellular Na + with channel-impermeable choline or N-methyl-Dglucamine (NMDG) in bath solutions does not alter the sensitivity of TASK-3 K + channels to changes in pH o (18 (34) . Low pH o -induced functional alteration of TASK K + channels may affect the activity of these neurons.
Here we report that TWIK-1, TASK-1, and TASK-3 K + channels, which are heterologously expressed in Chinese hamster ovary (CHO) cells, change ion selectivity and become permeable to extracellular Na + ions in response to lowered pH o in subphysiological ranges. These findings improve the understanding of the mechanism of how external acidification regulates acid-sensitive K2P channels, provide another evidence of dynamic ion selectivity of highly selective K + channels under physiological conditions, and imply a potential mechanism that K2P channels influence cellular function by changing ion selectivity.
EXPERIMENTAL PROCEDURES
Molecular biology and cell culture. K2P cDNA (rat TWIK-1, rat TREK-1, human TASK-1, human TASK-3, and mouse TRESK-2) was subcloned into pRAT or pMAX, a dual purpose vector for Xenopus oocyte or mammalian cell expression (4) . K2P mutations were created by pfu-based mutagenesis kits (Strategene) and confirmed by automated DNA sequencing.
CHO cells were maintained in DMEM supplemented with 10% FBS in a 5% CO 2 incubator, and seeded in 35 mm dish 24 hours prior to transfection. Cells with at least 80% confluence were transfected by Lipofectamine 2000 (Invitrogen) with 3 µg of K2P plasmids and 1 µg of pEGFP plasmids, and studied 24 hours later. GFP expression was used to identify effectively transfected CHO cells.
Electrophysiology. Whole-cell patchclamp recordings were performed and data were analyzed, as described previously (19) . Briefly, whole-cell voltage-clamp recordings were performed with the EPC-10 USB amplifier and a Dell 745 computer using PatchMaster software (HEKA Electronik). Patch pipettes with resistances of 2.0-3.5 MΩ were used. The resistance was compensated at least 80% to minimize voltage errors. The currents were recorded with a 2.2 s voltage ramp from -140 mV to +80 mV each 15 s. Data analysis was performed using Fitmaster (HEKA, Elektronik), IgorPro (WaveMetrics), and Excel (Microsoft). All data are presented as means ± SEM. Two-tailed Student's t-tests were used to check for significant differences between two groups of data.
The TWIK-1•K274E mutant K + channels, which contain an intracellular point mutation that disrupts the sumoylation motif and enables the detection of TWIK-1 currents (Fig. 1A) , as a tool for this study, which has been used in our previous report (19) . TWIK-1•K274E mutant K + channels maintain the K + -selectivity in physiological pH o and K + gradients, and the K274E mutation does not change ion selectivity of TWIK-1 K + channels (19, 32) . We monitored the reversal potential of the channels before and after the change of pH from 7.4 to 6.0 in Na + -based bath solutions with 5 mM K + , because such a change of pH o caused a ~50% inhibition of outward TWIK-1 K + currents in transfected CHO cells (26) . Lowering pH o from 7.4 to 6.0 shifted the reversal potential of the channels from -74.5 ± 0.8 mV to -51.6 ± 1.0 mV (n=10) (Fig. 1D) , suggesting that the Na + to K + relative permeability of the channels increased from ~0.005 into ~0.10. In contrast, the reversal potential of the channels did not significantly move after the same change of pH in NMDG + -based bath solutions (-74.2 ± 1.1 mV vs -72.5 ± 1.2 mV, n=6) (Fig. 1E) (Fig. 4F) . Therefore, TWIK-1 K + channels change ion selectivity and increase the Na + to K + relativity permeability in pH o 6.0, but they do not simply loss the ion selectivity.
Kinetics of changes in the reversal potential and current amplitude reveal dynamic ion selectivity of TWIK-1 K + channels in extracellular acidification. We monitored the kinetics of low pH o -induced effects on TWIK-1 K + channels in Na + -based bath solutions with 5 mM K + . The effects of lowered pH o on TWIK-1 K + channels were slow and they took ~8 min to reach the equilibrium. Lowered pH o induced twophase effects on the current amplitude and reversal potential of TWIK-1 K + channels. In the first two minutes after the change of pH o from 7.4 into 6.0, whole-cell TWIK-1 currents increased transiently and the current at 60 mV went up to the peak by 65 ± 3% (n=10), and the reversal potential moved towards the hyperpolarizing direction by ~4 mV, indicating that the channels are highly K + selective (left panel, Fig. 2A ). In the second phase, wholecell TWIK-1 currents decreased progressively and the current at 60 mV went down to a steady-state level at 45 ± 4% of the current obtained in pH o 7.4 (right panel, Fig. 2A; Fig. 1F) , with a time constant of ~94 s (open circles and pink line, Fig.  2B ). The reversal potential began to shift in the depolarizing direction until it reached the equilibrium at approximately -52 mV, indicating that the channels altered their Na + to K + relative permeability during this period. The time constant of the change in the Na + to K + relative permeability in the second phase was ~284 s (filled circles and orange line, Fig. 2B ), reflecting the process whereby the selectivity filter changes from a K + -selective to a Na + -permeable conformation. We attempted to restore the K + selectivity of the channels by switching pH o back to 7.4 from 6.0. The recovery of K + selectivity was slow and took ~12 min. This hysteresis is not surprising as the recovery of the K + selectivity is extremely slow from lowered [
We studied kinetics of effects of lowered pH o on TWIK-1 K + channels in NMDG + -based bath solutions with 5 mM K + , to differentiate the effects of low pH o on the reversal potential and the current amplitude of the channels. As expected, lowering pH o from 7.4 to 6.0 did not change the reversal potential of TWIK-1 K + channels (Figs. 1E, 2C, and 2D). However, it still induced twophase changes in TWIK-1 K + currents, similar to those observed in Na + -based bath solutions ( Fig.  2A-B) . In the first phase, the current at 60 mV increased by 73 ± 6% (n=6), and in the second phase, the current at 60 mV reduced with a time constant of ~148 s until reached the levels similar to that in pH 7.4 (Figs. 1F, 2C, and 2D). Dynamic changes in the current amplitude reflect a process that lowered pH o modulates the pore and alters single channel properties of the channels. In addition, the time constant of the current decay in the second phase in NMDG + -based bath solutions is significantly slower than that in Na + -based bath solutions, consistent with the increase in the Na + to K + relative permeability and decrease in the electrochemical driving force of outward TWIK-1 K + current in Na + -based bath solutions with pH 6.0.
TASK-3 K
+ channels exhibit dynamic ion selectivity in lowered pH o . We further examined the effects of lowered pH o on the reversal potential and ion selectivity of TASK-3 K + channels in Na + -based bath solutions under physiological K + gradients in transfected CHO cells. Unlike those observed in TWIK-1 K + channels, low pH oinduced effects on TASK-3 K + channels were rapid, and they took just around 1 min to reach the equilibrium. Lowering pH o from 7.4 to 6.0 shifted the reversal potential of TASK-3 K + channels from -77.7 ± 0.4 mV to -51.9 ± 2.5 mV (n=10), consistent with a previous report (27) , and such a shift was reversible (Fig. 3A) . In contrast, it did not significantly change the reversal potential of TASK-3 K + channels in NMDG + -based bath solutions (-77.9 ± 0.7 mV vs -74.4 ± 1.0 mV, n=9; Fig. 3B) . Surprisingly, lowering pH o from 7.4 to 6.0 in Na + -based bath solutions had no significant effect on the reversal potential of TRESK-2 K + channels (-78.8 ± 0.6 mV vs -75.3 ± 1.2 mV, n=5; Fig. 4A ), which also conserve the pH o -sensing histidine followed the selectivity sequence TxGYG of the P1-loop (Fig. 1B) , although the currents at 60 mV of TRESK-2 K + channels were reduced by ~54%, consistent with a previous report (10) (Fig. 4A-C) . Thus TRESK-2 K + channels maintain the K + selectivity in low pH o . In another negative control, lowered pH o did not change ion selectivity of rat TREK-1 K + channels, which are insensitive to pH o and do not conserve the pH o -sensing histidine in the selectivity filter (Fig. 1B) , because changes of pH from 7.4 to 6.0 in Na + -based bath solutions did not influence the reversal potential (-76.2 ± 1.0 mV vs -75.8 ± 0.6 mV, n=6; Fig. 4D relative permeability of the channels significantly increases (Fig. 3F) . We compared low pH o -induced inhibitions of TASK-3 K + channels in Na + -based and NMDG + -based bath solutions with 5 mM K + , because increases in the Na + to K + relative permeability in TASK-3 K + channels could cause more significant inhibitions in Na + -based bath solutions than in NMDG + -based bath solutions, as we observed for TWIK-1 K + channels (Fig. 1F) . Lowering pH from 7.4 into 6.0 in Na + -based bath solutions decreased the TASK-3 current at 60 mV by 95 ± 1% (n=10), while only 79 ± 2% (n=9) reduction was seen in NMDG + -based bath solutions (Fig. 3E) . In addition, we examined whether the mutation in the pH o -sensing histidine (H98) eliminate the effects of low pH o on the reversal potentials of TASK-3 K + channels. Lowering pH from 7.4 into 6.0 in Na + -based bath solutions did not influence the reversal potential of TASK-3•H98D mutant K + channels (-74.3 ± 2.2 mV vs -73.7 ± 1.4 mV, n=4), neither induced significant inhibition of outward TASK-3 K + currents ( Fig. 3C-E (Fig. 4E) , supporting that TASK-3 K + channels do not simply loss the ion selectivity. These results support the hypothesis that TASK-3 K + channels change ion selectivity and become permeable to external Na + in response to lowered pH o .
TASK-1 K
+ channels show dynamic ion selectivity in subphysiological pH o . We examined the effects of lowered pH o on the reversal potential and ion selectivity of TASK-1 K + channels in transfected CHO cells, by using the same strategies which we have studied TWIK-1 and TASK-3 K + channels. TASK-1 K + channels are more sensitive to changes of pH o than TWIK-1 and TASK-3 K + channels (2), so we studied the effects of low pH o in subphysiological ranges on the reversal potential of TASK-1 K + channels in Na + -based bath solutions with 5 mM K + . TASK-1 K + channels did not yield detectable whole-cells currents in most transfected CHO cells, so we used a TASK-1•Δi20 mutant with a 20 amino acid deletion within the C-terminal, which increases abundance at the plasma membrane relative to TASK-1 wild type channels (36) , as a tool. Compatible to those seen in TASK-3 K + channels, low pH o -induced effects on TASK-1 K + channels were fast and they took ~1 min to reach equilibrium. The reversal potential of TASK-1 K + channels shifted from -75.2 ± 1.2 mV to -50.1 ± 2.9 mV (n=10) (Fig. 5A) after changes of pH from 7.4 to 6.8 in Na + -based bath solutions, implying the Na + to K + relative permeability of the channels is significantly increased. In contrast, the movement of the reversal potential was not seen in NMDG + -based bath solutions before and after changes of pH o (-73.6 ± 1.2 mV vs -74.5 ± 1.6 mV, n=6) (Fig. 5B) to K + relative permeability of the channels significantly increases in pH 6.8 (Fig. 5D) . Moreover, we compared low pH o -induced inhibitions of TASK-1 K + channels in Na + -based and NMDG + -based bath solutions with 5 mM K + . Lowering pH from 7.4 into 6.8 decreased the TASK-1 current at 60 mV by 80 ± 1% (n=10) in Na + -based bath solutions, while it induced a reduction of only 64 ± 3% (n=6) in NMDG + -based bath solutions (Fig. 5C ), consistent with increases in the Na + to K + relative permeability and decreases in electrochemical driving forces of outward TASK-1 K + currents in pH 6.8. These results suggest that TASK-1 K + channels change ion selectivity and become permeable to external Na + in response to lowering pH o .
DISCUSSION

Dynamic ion selectivity of acid-sensitive TWIK and TASK K
+ channels in extracellular acidification. We provided three lines of evidence supporting that TWIK-1, TASK-1, and TASK-3 K + channels change ion selectivity and become permeable to intracellular Na + in lowered pH o . First, we investigated ion selectivity of TWIK-1, TASK-1, and TASK-3 K + channels in both normal and lowered pH o , by using the reversal potential analysis and whole-cell current recordings in transfected CHO cells. Our results indicate that the reversal potentials of TWIK-1, TASK-1, and TASK-3 K + channels are significantly shifted in the depolarizing direction in Na + -based, but not in NMDG + -based, bath solutions with lowered pH. (19, 32) . The TWIK-1•K274E mutant K + channels, which we used in this study, share the same behaviors as TWIK-1 wild type K + channels in ion selectivity (19, 32) . Therefore, our study suggests that TWIK-1 wild type K + channels exhibit dynamic ion selectivity in lowered pH o .
How does protonation in the pH o -sensing histidine change ion selectivity of acid-sensitive TWIK and TASK K + channels? Previous study with molecular dynamics simulations predicts that protonation of the pH o -sensing H98 residue of TASK-1 K + channels induces rotation of the Y96 and G97 peptide and then the conformation of the selectivity filter changes (25) . Voltage-gated Kv2.1 channels change ion selectivity during Ctype inactivation (37) . Extracellular acidification enhances C-type inactivation in Kv1 channels (16, 38, 39) . K2P channels are thought to have a Ctype inactivation gate at the selectivity filter close to the extracellular side of the channels (40) (41) (42) . Extracellular acidification facilitates C-type inactivation in human TREK-1 K + channels (5). Protonation in the pH o -sensing histidine of TASK-1 and TASK-3 K + channels is likely to involve enhancement of C-type inactivation.
Although TWIK-1, TASK-1, TASK-3, and TRESK-2 K + channels contain the same selectivity sequence TxGYGH with the pH osensing histidine in the P1-loop in the selectivity filter, they show different responses to lowered pH o . TRESK-2 K + channels maintain the K + selectivity in lowered pH o , while TWIK-1, TASK-1, and TASK-3 K + channels become permeable to external Na + . Extracellular acidification has rapid effects on TASK-1 and TASK-3 K + channels, but it causes much slower functional changes in TWIK-1 K + channels. These four acid-sensitive K2P channels belong to three different subfamilies of K2P channels, and their sequence similarities are very low. Therefore, the other part of the channels contributes to their different responses to lowering pH o .
Although it is generally thought that ion selectivity of highly selective K + channels does not change in response to external stimuli, recently we demonstrate that TWIK-1 K + channels change ion selectivity and become permeable to extracellular Na + in response to physiological decreases of by guest on May 3, 2016 http://www.jbc.org/ Downloaded from extracellular K + levels (19) . In this report, we show another example of dynamic ion selectivity of K2P channels under physiological conditions: TWIK-1, TASK-1, and TASK-3 K + channels change ion selectivity and become permeable to extracellular Na + under extracellular acidification. It will not be surprising that other physiological stimuli regulate ion selectivity of K2P channels.
In physiological or pathophysiological processes (e.g., hypoxia), which pH o is lowered to a range of 6.0-6.8, acid-sensitive TWIK and TASK channels may behave with dynamic ion selectivity. TASK-1 and TASK-3 K + channels conduct much smaller background K + currents in lowered pH o than in normal pH o , while TWIK-1 K + channels conduct significant inward Na + currents and contribute to the transportation of both K + and Na + across the membrane, which are involving cellular excitability and/or electrolyte homeostasis.
Does pH o regulation of TWIK-1, TASK-1, and TASK-3 K + channels in heterologous expression systems apply to these channels in native tissues? These native channels should exhibit low pH o -induced phenotypes that were observed in cloned channels, as long as they reach the plasma membrane. However, many K2P channels including TWIK-1 and TASK-1 are poorly expressed in the plasma membrane. One possible mechanism is that the channels conserve endoplasmic reticulum retention motifs that hold the channels in the endoplasmic reticulum (36, 43) . Another possibility is that the channels may lack accessary subunits and/or interacting in the heterologous expression systems.
In fact, interacting proteins such as 14-3-3 determine the trafficking and expression levels of TASK-1 K + channels (44) . The mechanism of regulation of acidsensitive K2P channels by extracellular acidification. Although the effects of extracellular acidification on TASK-1 and TASK-3 K + channels have been extensively studied, the mechanism of how low pH o affects these channels is not well understood (2) . Previous reports showed that lowered pH o changes single channel properties such as open probability and/or unitary current of TASK-1 and TASK-3 K + channels (7, 8, 17) . In this report, we show that lowered pH o also modulates the selectivity filter and then influences ion selectivity of TWIK-1, TASK-1, and TASK-3 K + channels. Therefore, low pH o affects both ion selectivity and single channel property of these acid-sensitive K2P channels. The effects of lowered pH o on the single channel property of these channels alone could be studied in NMDG + -based bath solutions, as we did in whole-cell current levels in Figs. 1E, 2C 
